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I. INTRODUCTION
The behavior of collective spin excitations confined in micro-and nano-ferromagnets is a subject of intense study because of their importance in the development of conceptual solutions for magnetic storage with pixels controllable at sub-nanosecond rates. 1 At the same time, a growing number of works on spin-wave (SW) based functional elements for signal processing have emerged, for example, on all-spin wave interferometric logics, 2 an interconnection bus for high-speed electronics, 3 and artificial magnetic atoms for quantum computation. 4, 5 It is evident that a key problem to be solved for successful implementation of SW elements is that of control. The main advantage of SW technology is that an ensemble of coupled spins transmits energy through a perturbation of magnetic polarization without electron transport, and is described by the Landau-Lifshitz model of magnetization precession caused and controlled by effective magnetic fields. The straightforward way to control SW parameters is to create local control magnetic fields using electric currents. This solution has been used to invert SW phase in logic gates based on a Mach-Zehnder interferometer (MZI), 6 and in SW tunneling experiments. 7 A similar solution used the built-in magnetic anisotropy field to create a potential well in an asymmetric MZI. 8 In a more practical solution, 9 a SW was controlled by magnetoelastic forces induced by electric fields in engineered multiferroic structures. Sub-picosecond magnetic control fields induced in optically transparent ferrites were also used to excite and control SW S with a femtosecond laser. 10 Control of SWs by optical heating in yttrium iron garnet (YIG) has been used for tuning the SW spectrum and for SW amplitude modulation. 11, 12 In this work, we describe experiments on optically induced magnetic non-uniformities in a spin wave system of a Ga-substituted YIG thin film, with saturation magnetization 4pM s ¼ 970 G, grown on a gadolinium gallium garnet (GGG) (111)-orientation substrate. We show that a focused laser beam induces SW resonators and reflectors in YIG through local thermal demagnetization of the ferrite material. We describe the effects of (a) an optically induced potential well for magnetostatic surface spin waves (MSSWs) leading to the formation of a high-Q MSSW resonator and (b) a high potential barrier that efficiently reflects magnetostatic backward volume waves (MSBVWs). These waves belong to the class of so-called dipole SWs (DSWs), because of the dominant magnetic dipole-dipole interactions between spins.
II. EXPERIMENT
Spin waves in a YIG film were excited and detected by using a common configuration. A 50lm wide microstrip line antenna connected to a network analyzer was used to excite the film and to record the S 11 reflection parameter as a function of the microwave frequency (ƒ). Fig. 1 shows the geometry with two in-plane orientations of the bias magnetic field (H 0 ) corresponding to the excitation of (a) MSSWs and (b) MSBVWs in the 7.3 lm thick, 1 mm wide, and 2 cm long YIG film. Magnetic non-uniformities were induced by focusing the beam of a c.w. Ar-ion laser, with optical power (P opt ) between 50 and 400 mW, on the YIG film through a polished GGG substrate. The laser beam was focused by a cylindrical lens that forms an elliptical spot with waist of %100 lm.
In the MSSW excitation geometry, a new set of resonances was observed in the S 11 (ƒ) parameter, as shown in Fig. 2 . This can be interpreted as a strong confinement of MSSWs with discrete wavenumbers (k) within a micrometer size area irradiated by the laser. The sharp resonant peaks in Fig. 2(a) occurred only when the laser beam was positioned exactly above the antenna. When the distance between the beam and antenna was greater than 1 mm, the spectrum S 11 (ƒ) returned to the unperturbed curve "1."
In the MSBVW excitation geometry, the S 11 (ƒ) parameter shows a different behavior (Fig. 2(b) ). Here we observed a frequency shift in S 11 (ƒ) of %170 MHz without any new resonances when the laser beam was positioned exactly above the antenna. At distances of y o ¼ 1-5 mm between the antenna and the laser spot, however, the profile of S 11 (ƒ) (curve "3" in Fig. 2 To clarify the physical mechanisms leading to the described effects, we have performed magneto-optical (MO), thermo-optical and elasto-optical characterization of the structure at P opt ¼ 50 mW corresponding to an experimental set-up is shown in Fig. 3 . In MO experiments we observed optically induced changes in the film saturation magnetization (M s ). The experiments were realized in the guided-wave Faraday MO geometry ( Fig. 3(a) ), by measuring the MO conversion between optical guided waves in TE 0 and TM 0 modes. The TE 0 ! TM 0 conversion is described by the well-known coupled mode approach 13 
, D is the difference between TE 0 and TM 0 propagation constants (D was estimated to be %2 cm
is the faraday MO coefficient, and n ¼ 2.2, k ¼ 1.3lm, and L ¼ 1 mm are, correspondingly, the YIG refractive index, the optical wavelength, and the interaction length. The TE 0 mode was excited in the YIG film, at the center of the sample, by a 1.3lm-wavelength probe laser with 1 mW of optical power, using air-to film end coupling. The probe beam was %50lm in diameter within the sample. The focused Ar laser beam was scanned over the ycoordinate of the sample, as shown in Fig. 3(a) . The results are shown in Fig. 4 (a) where the MO TE 0 ! TM 0 conversion is recorded by a photodetector. This response indicates a sharp decrease in the saturation magnetization M s in a micrometersize area illuminated by the control laser. Fig. 4(b) shows the transition characteristic of M s . It was obtained by modulation of the Ar laser beam using an opto-mechanical chopper. As seen in Fig. 4(b) , the rise/fall time in the MO TE 0 ! TM 0 conversion is about of 40 ms, which is quite typical for the thermal transition time for the sample's volume. In other words, we observe the effect of thermal demagnetization of the ferrite material, similar to that reported in Refs. 11 and 12 for white light and He-Ne laser sources.
The in-plane temperature profiles T(y) and the elastic stress r(y) associated with T(y) were characterized through the thermo-optical and stress-optical effects, with the help of a narrow-beam He-Ne laser probe. These results are shown in Figs. 4(c) and 4(d). As with the MO probe measurement described earlier, the Ar laser beam was scanned over the sample surface, but the probe beam was located at the center of the GGG substrate, to exclude the MO effects (Figs. 3(b) and 3(c)).
Characterization of T(y) was carried out by measuring the deflection of the He-Ne laser beam in the y-direction, (3) correspond to P opt ¼ 0, 200, and 400 mW, respectively; (b) for the case of MSBVWs the curve "1" was obtained at P opt ¼ 0, the curve "2" shows S 11 when the laser beam with P opt ¼ 400 mW was positioned exactly above the antenna, and the curve "3" was obtained with P opt ¼ 400 mW when the distance between the antenna and laser beam was 5 mm. 
013902-2
caused by a thermo-optic lens induced by the Ar laser beam in GGG, Fig. 3(b) . In this experiment we used a photodiode with a small photosensitive area that was placed at a specific offset with respect to the probe beam axis. It can be shown that such a condition provides the best linearity and sensitivity for beam deflection measurements. However, as seen in Fig. 4(c) , in this case the experimental photovoltage curve as a function of the y-position of Ar laser beam represents a derivative of the real T(y).
Here, non-uniform thermal expansion of the sample caused by optical heating induces an in-plane stress in the sample. It can be shown that largest component of grad(T) in the structure is directed away from the YIG film (where Ar laser radiation is absorbed), towards the free surface of GGG (where radiation is not absorbed). Taking into account the direction of spin wave propagation, we are interested in estimating the y-component of the stress r yy , as follows: The GGG substrate is an optically isotropic crystal that becomes optically anisotropic when the stress-optical effect induces changes in the refractive index Dn ij ¼ Àn 3 0 p ijkl r kl =2. This leads to a stress-induced phase difference D/ ¼ ð2p=kÞLðn xx Àn yy Þ ¼ Àð2p=kÞLðp 11 À p 13 Þr yy between two orthogonal optical eigenmodes in GGG with linear x-and y-polarizations propagating in the z-direction, Fig. 3(c) . Here, p ijkl are the components of stress-optical tensor, n 0 is the unperturbed and n j, j are the perturbed refractive indexes of GGG. In the experiments, the above mentioned eigenmodes were excited in GGG by a He-Ne laser with linear polarization, by setting the polarization plane at 45 to the y-axis. Polarizer 2, shown in Fig. 3(c) , was used to transform the phase difference Du into an optical interference signal that induced in the photodiode the electrical signal V ¼ V 0 sin 2 ðDu=2Þ, where V 0 is the signal corresponding to the intensity of the incident wave passing through the "crossed" polarizer at unperturbed GGG. It should be noted that in this experiment the optical elements were aligned in such a way that they were insensitive to 1 deflections in the probe beam angular position, to exclude the possible influence of the thermo-optical lensing effect in GGG.
III. THERMO-ELASTIC SIMULATIONS
The theoretical T(y) and r yy (y) shown in Figs. 4(c) and 4(d) were obtained by numerical simulation of the Navier equations, which couple the displacement u i (i ¼ 1, 2, 3) and the temperature (T),
using the relationships between the stressr and the strainê tensors (which are 3 Â 3 matrixes),r ¼ĉ½ê À gðT À T Reference Þ,
Þ. In Eq. (1a), C p and q are, respectively, the heat capacity at a constant pressure and the material density;ĉ is the elasticity tensor (a 6 Â 6 matrix). For the m3m symmetry class crystals (YIG and GGG n this case), the thermal conductivity and the thermal expansion can be represented by the scalar parameters j and g, respectively; Q(y) ¼ Q 0 exp(Ày 2 /n 2 ) is the non-uniform heat source of the width n %100 lm localized in the film of the thickness d, Q 0 ¼ P opt /(nd). Here n characterizes the Ar-laser spot size. For the boundary conditions, we considered the case when the sample surfaces were unclamped.
By using the appropriate MO, thermo-optical, and stress-optical coefficients, 14 we found that at optical power P opt ¼ 50 mW, the peak increase in sample temperature was DT peak % 10 K, the corresponding decrease in the saturation magnetization was DM s /M s % 4.3%, and thermally induced stress in GGG was r yy % 17 MPa. It is important that the MO response profile, and consequently M s (y), is very narrow. On the other hand, the experimental profile of r yy (y) is significantly wider. This reflects the fact that the elastic force is distributed more uniformly over the whole crystalline sample. Therefore, r yy (y) cannot contribute significantly to the formation of the magnetic non-uniformities. However, it does contribute to the total frequency shift in S 11 , shown in The curves "T" at P opt ¼ 50 mW and "r" at P opt ¼ 400 mW are the result of numerical simulations. Fig. 2 . The numerical simulations also show that in the YIG film r yy (y) is more uniform than M s (y) and reaches 50 MPa at DT peak ¼ 10 K and 350 MPa at DT peak ¼ 70 K (P opt ¼ 400 mW, Fig. 4(d) ). The r-induced frequency shift, caused by the magneto-elastic energy, can be estimated as dƒ me % 3crk/(2pM s ), where c is the gyromagnetic ratio, k YIG % À2 Â 10 À6 is the magnetostriction constant. 15 The peak decrease in magnetization M s measured by the MO technique at P opt ¼ 400 mW (DT peak ¼ 70 K) was DM s /M s % 28%. Therefore, the calculated a peak value of the r-induced frequency shift at DT peak ¼ 70 K is dƒ me % À20 MHz. In comparison, the shift in dƒ caused by DM s at P opt ¼ 400 mW is %À140 MHz.
IV. DISCUSSION
It is convenient to illustrate how the thermo-magnetic non-uniformities M s (T(y)) influence the dipole spin waves considered here by involving the well-known 15 dispersion relations xðkÞ,
expðÀk s dÞ; for the surface wave; (2a)
for the backward volume wave;
where x H ¼ cH 0 , x M ¼ c4pM S , k s is the value of the inplane componentk s of the propagation vectork. Here, l is the diagonal component of high-frequency permeability ten-
x is the frequency of the DSW. All the above expressions, as is customary, are given in the lossless approximation, in the coordinate system shown in Fig. 6 , where the x-axis coincides with the normal to the film plane, and the z-axis is parallel to M Z ¼ M S cosa, where a is the angle of magnetization precession about the vectorH 0 . It determines the dynamic amplitude of the magnetization
It should also be noted that Eqs. (2a) are written in the linear approximation of small precession amplitudes:
The dependencies xðkÞ for the "hot" and "cold" regions are shown in Fig. 5 . The important point in Fig. 5 is that at high P opt the MSSWs limited by dashed rectangle in Fig. 5 cannot exist outside of the hot area, because in the "cold" area of the sample there are no real solutions for MSSW propagation constants within the frequency gap Df 1 ¼ ðx À x 1 Þ=2p, where
is the onset frequency in xðkÞ. Hence, MSSWs in the "hot" area "see" the "cold" area as a different material, and, as our experiment shows, they are reflected from the hot-cold interface to form standing waves inside the hot resonator. For the same reason, MSBVWs excited in the "cold" area within the frequency gap Dƒ 2 (curve "c") cannot propagate in the "hot" region, from which they are reflected. A simple analysis of the dispersion curves in Fig. 5 shows that at a fixed x both the group and phase velocities of the surface waves in the "hot" region are significantly lower than in the "cold" region. Hence, the MSSW energy is accumulated in the region with decreased M s . However, for MSBVWs we have the inverse situation. MSBVWs will escape from the "hot" region, since their group and phase velocity in the "hot" region are significantly higher than in the "cold" region.
To answer the question why the behavior of MSSWs and MSBVWs is so different at the hot-cold interface, we need to compare their potential energy in both regions. Since the Landau-Lifshitz equation 15 describing the magnetic moment dynamics is similar to a mechanical torque equation, the parameters of magnetization precession can be compared with those of a mechanical spinning gyroscope with its axis supported at one end. The potential energy of the gyroscope is associated with a relative position of its center of mass. It changes as the precession angle increases or decreases. We suggest that a similar approach also works in the case of magnetization precession, and the potential 
Applying the boundary conditions at the hot-cold inter- (Fig. 6 ). This simple analysis and the experimental data allow us to suggest that the region with decreased magnetization M s plays the role of a magnetic well for MSSWs and of a potential barrier for MSBVWs.
In conclusion, we believe that the effects of optically induced spin-wave resonators and reflectors, described here in terms of magnetic wells and barriers, are quite interesting because they provide a simple method for the formation of easily reconfigurable spin-wave resonators, magnonic crystal structures, or waveguide channels in thin film magnetic materials.
